The differentiation therapy of breast cancer stem cells (CSCs) represents a significant strategy to treat cancer, but inefficient delivery to CSCs hinders the efficacy of differentiation agents. In this work, we report a type of functional dendrisomes constructed by the synthesized amphiphilic dendrimers, which enhance cellular uptake by breast CSCs, differentiate breast CSCs by carrying all-trans retinoic acid (ATRA), and increase the anticancer efficacy by carrying ATRA and docetaxel (DTX) in vitro and in breast cancer-bearing mice. The study further reveals the mechanism of cellular uptake by breast CSCs and uncovers the differentiation mechanism by analyzing relevant signal molecules, transcription factors, and cell cycle-associated signaling pathways during differentiation therapy in breast CSCs. Hence, this study offers a novel type of functional dendrisomes for differentiation therapy of breast CSCs and has significant clinical implications.
Introduction
Cancer stem cells (CSCs) are initiator cancer cells that possess the capability to generate all types of cells. Such cells may give rise to mature cancer cells through selfrenewal and differentiation 1 . CSCs have been identified in breast cancer 2, 3 as a subset of cells that cause relapse and metastasis by producing new tumors 4 . CSCs exist in the vicinity or the inside of tumor tissue, often stay at rest, express high levels of ATP-binding cassette transporters (ABC transporters) 5 and have strong DNA repair ability 6 , leading to the insensitivity to chemotherapy and radiotherapy 7 . We hypothesize that a differentiation therapy with functional dendrisomes enhances the cellular uptake of CSCs, differentiates CSCs by carrying all-trans retinoic acid (ATRA), and improves the prognosis of chemotherapy by carrying ATRA and docetaxel (DTX).
Dendrimer is a repetitively branched molecule that has been used as a drug carrier for anticancer treatment 8, 9 . However, its drug loading capacity is restricted by its limited inner space and unsealed surface. To address this issue, we synthesized an amphiphilic dendrimer, which was further constructed into a vesicle by inserting a lipid derivative and cholesterol, named as dendrisome.
Distearoylphosphatidyl ethanolamine polyethylene glycol (DSPE-PEG 2000 ) is a pegylated lipid derivative that is used to extend the circulation of drug carriers in the body to evade the rapid clearance of the reticuloendothelial (RES) system 10 and to enhance the permeability and retention (EPR) effect 11 in solid tumors. To enhance cellular uptake by breast CSCs, DSPE-PEG 2000 was conjugated with a D-type hexa-arginine ( d R 6 ) peptide 12 . The resultant product (DSPE-PEG 2000 -d R 6 ) was inserted into the dendrimer to form functional dendrisomes. In addition, cholesterol was inserted into functional dendrisomes to modulate membrane fluidity over the range of physiological temperatures 13 . ATRA is a ligand of the retinoic acid receptor (RAR) 14 , which can heterodimerize with retinoid X receptors (RXRs) and further bind with retinoic acid response elements (RAREs) in the genome to regulate the gene expression of cells. Studies have demonstrated that ATRA is able to promote the maturation of blast cells in the treatment of acute promyelocytic leukemia 15 , exhibiting the potential to induce the differentiation of CSCs 16 . DTX is a chemotherapeutic agent that is clinically used in the treatment of a variety of tumors by inhibiting microtubule depolymerization 17 . However, DTX has been extensively experienced with drug resistance in the clinical treatment of breast cancer 18 . The objectives of this study were to develop a functional dendrisome for differentiation therapy of breast CSCs and to reveal the mechanism involved. Transcriptome microarrays with unsupervised hierarchical clustering and gene ontology (GO) analyses were used to profile the differentiation. In addition, real-time qRT-PCR, flow cytometry, and western blotting were used to reveal relevant signal molecules, transcription factors, surface markers, biological processes, and signaling pathways.
Materials and methods

Materials
Docetaxel was purchased from Nanjing Xiezun Chemicals (Nanjing, China), PEG 2000 -DSPE and NHS-PEG 2000 -DSPE were purchased from NOF Corporation (Kanagawa, Japan), and the d R 6 peptide was synthesized by Hefei Bankpeptide Company Ltd. (Hefei, China).
MCF-7 and MDA-MB-435S breast cancer cells were purchased from the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences (Beijing, China), and cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin. SK-BR-3 breast cancer cells were purchased from ZQXZ Biotech (Shanghai, China) and cultured in the Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. MCF-10A mammary gland epithelial cells were purchased from ZQXZ Biotech and cultured in the mammary epithelial cell medium (MEpiCM; ZQXZ Bio., Beijing, China) supplemented with 1% mammary epithelial cell growth supplement (MEpiCGS), 100 U/mL penicillin, and 100 μg/ mL streptomycin.
Synthesis of amphiphilic dendrimers
Methyl-3,4-dihydroxy-benzoate (0.1 mol) and K 2 CO 3 (0.4 mol) were dissolved in dimethyl formamide (DMF, 100 mL). The mixture was stirred at room temperature for 30 min, and then bromododecane (0.22 mol) was added dropwise. The mixture was heated at 65°C for 3 h and evaporated by a rotary vacuum evaporator. The resultant product was washed with H 2 O and then dried to obtain a white solid product, methyl-3,4-(didodecyloxy)-benzoate (MDB; 109.22 g, 98.41% yield, Rf = 0.75).
The above product (MDB, 0.1 mol) was dissolved in a mixture of menthol and tetrahydrofuran (THF) (150 mL/ 150 mL), and then KOH (0.25 mol) was added. The mixture was heated at 70°C for 1 h and evaporated by a rotary vacuum evaporator. The resultant product was washed with H 2 O and petroleum ether (PE) and then dried to obtain a white solid product, 3,4-(didodecyloxy)-benzoic acid (DBA; 49.07 g, 99.98% yield, Rf = 0.05).
The above product (DBA, 0.05 mol) was dissolved in dichloromethane (400 mL). Afterwards, ethylene glycol (0.2 mol), diphenyl-4-thiophenoxyphenyl sulfonium salt (DPTS, 0.025 mol), and N,N'-dicyclohexylcarbodiimide (DCC, 0.06 mol) were added. The mixture was stirred at 25°C for 5 h, washed with dichloromethane, and then purified by flash chromatography, producing a white solid product, 2-hydroxyethyl-3,4-(didodecyloxy)-benzoate (HEDB; 17.78 g, 66.49% yield, Rf = 0.9).
The above product (HEDB; 7.29 mmol) was dissolved in chloroform (30 mL). Then, dimethylolpropionic acid (DMPA; 8.73 mmol), DPTS (3.65 mol), and DCC (8.74 mmol) were added to the solution. The mixture was heated at 70°C under reflux for 5 h, and the mixture was filtered, washed with dichloromethane, and evaporated. The product was purified by flash chromatography, producing a white product, amphiphilic molecule-acetonide (AM-acetonide; 4.30 g, 85.34% yield, Rf = 0.7).
AM-acetonide (31.48 mmol) was dissolved in THF (120 mL). HCl (120 mL 6 M) was then added to the mixture. The mixture was stirred at 30°C for 1.5 h and then evaporated. The resultant product was further extracted with dichloromethane, and the organic phase was dried by anhydrous Na 2 SO 4 and then evaporated, producing a white solid amphiphilic molecule (AM; 9.78 g, 87.32% yield, Rf = 0.2). AM was characterized by electrospray ionization mass spectrometry (ESI-MS) and nuclear magnetic resonance (NMR). AM (18.27 mmol) was dissolved in dichloromethane. DMPA (40.18 mmol), DPTS (18.27 mol), and DCC (43.83 mmol) were subsequently added. The mixture was heated at 70°C under reflux for 5 h, filtered, and washed with dichloromethane. The resultant product was evaporated, and the oil-like product was further purified by flash chromatography, producing a transparent colorless liquid, AD-acetonide (6.63 g, 37.67% yield, Rf = 0.6).
AD-acetonide (6.88 mmol) was dissolved in THF (50 mL), and then HCl (6 M, 50 mL) was added. The mixture was stirred at 30°C for 3 h, evaporated, and extracted with dichloromethane. The organic phase was dried by anhydrous Na 2 SO 4 and evaporated under a rotatory vacuum evaporator. The resultant product was amphiphilic dendrimer (AD), a thick colorless oil at room temperature and a white solid at lower temperature (3.91 g, 64.16% yield, Rf = 0.3). AD was characterized by electrospray ionization mass spectrometry (ESI-MS) and nuclear magnetic resonance (NMR).
Construction of functional dendrisomes
To construct a functional dendrisome, lipid and cholesterol were inserted into the membrane of dendrimer vesicles. In addition, a D-type penetrating peptide d R 6 (Bankpeptide, Hefei, China) was conjugated to a pegylated lipid to enhance the long-circulation effect in the blood system 19 and penetrate into cancer stem cells 20 . To reach these goals, d R 6 (10 μmol) and DSPE-PEG 2000 -NHS (10 μmol; NOF Corporation, Kanagawa, Japan) were dissolved in a mixture of DMF (2 mL) and N-methylmorpholine (200 μL). The mixture was stirred using a magnetic stirrer at room temperature for 48 h under nitrogen gas protection. Then, the crude product was transferred into a regenerated cellulose dialysis tubing (MWCO, 3000 Da) and dialyzed against deionized water for 24 h. The mixture was freeze-dried, and the final product (DSPE-PEG 2000 -d R 6 ) was obtained and confirmed by MALDI-TOF-MS (Shimadzu, Japan).
To screen for a kind of stable dendrisomes, AM or AD were dissolved in dichloromethane. The solvent was then evaporated, and the lipid film was hydrated with HEPES buffer solution (HBS, 25 mM HEPES, 150 mM NaCl) by sonication in a water bath for 5 min. Afterwards, to compare their capability to form vesicles, the suspensions were treated with an ultrasonic cell disruptor for 10 min (200 W), transferred into a regenerated cellulose dialysis tubing (MWCO, 8000-14,000 Da), and dialyzed in HBS for 24 h.
To construct regular dendrisomes, dendrimers, cholesterol, and DSPE-PEG 2000 were dissolved in dichloromethane at serial molar ratios (100:0:0, 90:10:4, 80:20:4, 70:30:4, and 60:40:4) in a pear-shaped bottle for screening purposes, and the same procedures as above were performed. To construct functional dendrisomes, DSPE-PEG 2000 -d R 6 was used to replace DSPE-PEG 2000 . To entrap the drug, ATRA, DTX, or both were added (dendrisome materials:drug = 20:1, w/w) with the lipid to obtain functional dendrisomes carrying ATRA, functional dendrisomes carrying DTX, and functional dendrisomes carrying ATRA and DTX.
The dendrisomes were measured using dynamic light scattering (DLS) with a Nano Series Zenith 4003 Zetasizer (Malvern Instruments Ltd., Malvern, UK), a transmission electron microscope (TEM; JEM-1400, JEOL Ltd., Tokyo, Japan), and an atomic force microscope (AFM; SPI3800N series SPA-400, NSK Ltd., Tokyo, Japan).
The contents of ATRA and DTX were measured by a high-performance liquid chromatography (HPLC) system (Shimadzu, Japan). The mobile phase for measuring ATRA consisted of acetonitrile and 10% acetic acid solution (96: 4, v/v), and the detection wavelength was set at 350 nm. The mobile phase for measuring DTX consisted of acetonitrile and water (70: 30, v/v), and the detection wavelength was set at 232 nm.
The in vitro release rates of ATRA or DTX in the dendrisomes were determined by dialysis against phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 8 mM Na 2 HPO 4 and 2 mM KH 2 PO 4 , pH 7.4) containing 10% FBS. To evaluate stability, the functional dendrisomes were stored at 4°C, and the particle sizes were evaluated by DLS every other day.
Cellular uptake
To evaluate the cellular uptake of the dendrisomes, coumarin-6 was used as a fluorescent probe for labeling them. Briefly, MCF-7 CSCs and SK-BR-3 CSCs were seeded in 12-well plates at a density of 2 × 10 5 cells/well and cultured for 24 h. Then, the culture medium was replaced with fresh media containing coumarin-6 (100 nM), dendrisomes carrying coumarin-6 (100 nM), or functional dendrisomes carrying coumarin-6 (100 nM). After incubation for 2 h, the cells were collected, and the fluorescence intensity was measured by a flow cytometer (FCM; FACScan, Becton Dickinson, San Jose, CA, USA). The excitation and emission wavelengths were set at 488 nm and 530 nm, respectively.
To further observe the cellular uptake in tumor spheres, MCF-7 CSCs and SK-BR-3 CSCs were seeded at a density of 1 × 10 3 cells/well in 96-well plates coated with 50 μL 2% (w/v) agarose solution and cultured for 4 days. Afterwards, the culture media were replaced with fresh media containing free coumarin-6 (100 nM), dendrisomes carrying coumarin-6 (100 nM), or functional dendrisomes carrying coumarin-6 (100 nM). After incubation for 2 h, the spheres were transferred into glass-bottom dishes (Nest, Beijing, China; φ = 15 mm). The uptake by the spheres was evaluated using a confocal laser-scanning fluorescence microscope (Leica, Heidelberg, Germany).
Endocytosis mechanism
To reveal the endocytosis mechanism of dendrisomes, MCF-7 CSCs were seeded in 12-well plates at a density of 2 × 10 5 cells/well and cultured for 24 h. The plates were treated as follows: one group was placed into a 4°C refrigerator, and the other four groups were separately treated with fresh media containing methyl-β-cyclodextrin (6 mg/mL), quercetin (6 μg/mL), chlorpromazine (20 μg/mL), or colchicine (8 μg/mL) for 1 h. Afterwards, functional dendrisomes carrying coumarin-6 (100 nM coumarin-6) were added into each plate. After incubation for 2 h, the cells were collected, and the fluorescence intensity was measured by FCM. The excitation and emission wavelengths were set at 488 nm and 530 nm, respectively.
Colocalization into lysosomes
To evaluate the capture of functional dendrisomes by lysosomes after pinocytosis, MCF-7 CSCs and SK-BR-3 CSCs were seeded in glass-bottom dishes at a density of 2 × 10 5 cells in each dish and cultured for 24 h. Afterwards, dendrisomes carrying coumarin-6 (100 nM) or functional dendrisomes carrying coumarin-6 (100 nM) were separately added into the dishes. After incubation for 2 h, the cells were stained with Lyso-Tracker Deep Red (Invitrogen, Beijing, China) at 37°C for 30 min. The colocalization effect was observed using a confocal laserscanning fluorescence microscope.
Phenotypes of differentiation
To evaluate differentiation, the phenotype markers (CD44, CD24, ABCG2, CXCR4, and EpCAM) of breast cancer cells, CSCs, and DMCs were studied. Briefly, MCF-7, SK-BR-3, MCF-7 CSCs, SK-BR-3 CSCs, MCF-7 DMCs, and SK-BR-3 DMCs were collected and fixed using a 4% paraformaldehyde solution. Then, the cells were incubated for 30 min at room temperature with anti-human CD44 fluorescein isothiocyanate (FITC)-conjugated antibody, anti-human CD24 phycoerythrin (PE)-conjugated antibody, anti-human ABCG2 FITC-conjugated antibody, anti-human CXCR4 PE-conjugated antibody, and antihuman EpCAM allophycocyanin (APC)-conjugated antibody. As isotype controls, the cells were incubated with FITC-, PE-, or APC-conjugated mouse IgG. The fluorescence intensities were measured by FCM. The excitation wavelengths were set at 488 nm for FITC and PE and 633 nm for APC, and the emission wavelengths were set at 530 nm for FITC, 564 nm for PE, and 660 nm for APC. All antibodies were purchased from BioLegend (Beijing, China), and 5 μL was added per test.
In vivo imaging in breast cancer-bearing mice
DiR was used as the fluorescent probe to indicate the distribution of functional dendrisomes in breast cancerbearing mice. The mice were randomly divided into four groups (three mice per group) and injected via the tail vein with DiR, DiR dendrisomes, dendrisomes carrying DiR, or functional dendrisomes carrying DiR. After intravenous injection, the mice were scanned at 1, 3, 6, 12, 24, and 48 h using an IVIS Spectrum Pre-Clinical In Vivo Imaging system (Perkin Elmer, Waltham, MA, USA). Afterwards, the mice were killed, and the major organs, including the hearts, livers, spleens, lungs, and kidneys, were isolated and photographed to observe the fluorescence signals.
The other experimental methods are provided in Supplementary Information.
Results and discussion
Synthesis of amphiphilic dendrimers and fabrication of functional dendrisomes
To develop a functional dendrisome, AM and AD were synthesized based on methyl-3,4-dihydroxy-benzoate (Fig.  1a) and screened according to the vesicle-forming property. Both products were confirmed using ESI-MS spectroscopy ( Supplementary Figs. S1, S4 ), 1 H NMR ( Fig. 1b1;  Supplementary Figs. S2, S5 ) and 13 C NMR ( Fig. 1b2;  Supplementary Figs. S3, S6) To obtain stable dendrisomes, the vesicles fabricated by AM and AD were separately characterized by TEM and DLS. The results showed that the AM vesicles existed in polymorphous states of both rod-like vesicles and irregularly aggregated vesicles (72.65 ± 9.24 nm) and were polydisperse with a broad size distribution (PDI = 0.429 ± 0.024) ( Supplementary Fig S7A1, A2 ). In contrast, the AD vesicles were evenly round in shape (67.13 ± 0.18 nm) and were monodisperse with a narrow size distribution (PDI = 0.173 ± 0.003) ( Supplementary Fig. S7B1, B2 ). Based on the superior vesicle-forming capability, AD was used for further investigation. The evaluation of the vesicle-forming critical value showed that the critical micelle concentration (CMC) of AD was 4.02 μM (37°C, pH 7.4) ( Supplementary Fig. S8 ).
To fabricate functional dendrisomes, cholesterol and a newly synthesized DSPE-PEG 2000 -d R6 (confirmed by MALDI-TOF-MS in Fig. 1c) were inserted into the AD vesicle. This fabrication aims at enabling the functional dendrisome to modulate membrane fluidity 21 , reduce rapid clearance by the RES system 22, 23 and enhance accumulation in tumor tissues 24 . In addition, a regular dendrisome was similarly prepared as a control by inserting DSPE-PEG 2000 .
The dendrisome materials were optimized at a fixed ratio (AD:cholesterol:DSPE-PEG 2000 or DSPE- (Fig. 2b) . Two types of dendrisomes were able to entrap ATRA, DTX, or both simultaneously (Fig. 2a) .
The results from the TEM images, AFM images and size distributions indicated that both blank functional dendrisomes (Fig. 2c, a) , and functional dendrisomes carrying ATRA and DTX (Fig. 2c, b) were round in shape with smooth surfaces and had uniform nanoscale sizes (78.64 ± 0.18 nm; 75.62 ± 1.15 nm) and positive zeta potential values (0.18 ± 0.09 mV; 0.19 ± 0.08 mV). The encapsulation efficiencies of both ATRA and DTX by the dendrisomes were above 85% ( Table 1) .
The drug-release rates of ATRA and DTX in the initial 48 h were all below 40% in the phosphate buffered saline containing blood components ( Supplementary Fig. S9A,   B ). In addition, the particle sizes and PDI of functional dendrisomes were not significantly changed after 21 days of storage at 4°C (Supplementary Fig. S10 ). The results demonstrated that the nanosized functional dendrisomes were successfully constructed and were able to carry ATRA and DTX stably. and SK-BR-3 CSCs), exhibiting a 3.5-to 5-fold increase compared with that of the regular controls (Fig. 3a) .
To further reveal the mechanism, endocytosis inhibitors were coapplied with functional dendrisomes to CSCs. The results showed that the temperature decrease (to 4°C) resulted in an evident decrease in cellular uptake; treatment with methyl-β-cyclodextrin (MβCD, caveolin inhibitor) or chlorpromazine (clathrin inhibitor) resulted in a significant decrease in uptake. In addition, treatment with quercetin (an independent inhibitor) also demonstrated a slight inhibitory effect on cellular uptake (Fig. 3b) . However, treatment with colchicine (a macropinocytosis inhibitor) did not affect the cellular uptake by CSCs. These results indicated that the endocytosis of functional dendrisomes was mainly mediated by caveolin and clathrin. In this process, caveolin acts as a scaffolding protein to ferry the endocytosis of functional dendrisomes; as a formation of coated vesicles, clathrin acts to build small vesicles to transfer functional dendrisomes into the cells [25] [26] [27] . In addition, endocytosis is an energy-consuming process.
To understand the status after endocytosis, the colocalization of functional dendrisomes with lysosomes was studied. The results indicated that the functional dendrisomes accumulated less in lysosomes than in regular dendrisomes (Fig. 3c) . The phenomenon could be explained by the following processes. After endocytosis of functional dendrisomes, the endosomes further fused with the lysosomes. In this process, the pH value decreased gradually to form an acidic compartment. If the functional dendrisomes possess a buffering capacity in the pH range, they can bind protons (H + ) 28 . Then, v-ATPase was able to translocate even more protons to lysosomes accompanied by the entry of chloride ions and influx of water, resulting in an increase in osmotic pressure in the lysosomes and the swelling of lysosomes. This process is named as the proton-sponge effect and could lead to the escape of functional dendrisomes from lysosomes to the cytoplasm 29, 30 . The results from the titration assay showed that the functional dendrisomes exhibited a buffering capacity in the pH range of 5.11-6.81 and in the pH range of 10.24-12.14 ( Supplementary Fig. S11 ). Based on the physiological conditions in the cells, the functional dendrisomes were able to give rise to the proton-sponge effect in the lysosomes, from which they finally escaped.
Consequently, the cellular uptake is illustrated by four major steps: endocytosis mediated by caveolin and clathrin; internalization by lysosomes followed by lysosomal escape; drug release from the dendrisomes; and drug uptake effect on a particular target (Fig. 3d) . The released ATRA interacts specifically with cellular retinoic acidbinding protein (CRABP) and transports across the nuclei 31 to take effect. In the case of entrapping both ATRA and DTX simultaneously, the released DTX interacts with the microtubules in the cytoplasm of the CSCs.
The results demonstrated that both functional dendrisomes and regular dendrisomes had a strong capability to penetrate into the core of CSC spheres (MCF-7 CSCs and SK-BR-3 CSCs) (Fig. 3e) . In contrast, free coumarin only penetrated into the periphery of the spheres. Most likely, the difference is due to the roles of the nanosize and electric charge of the dendrisomes.
To understand the real-time distribution in vivo, the functional dendrisomes were labeled with the fluorescent probe DiR and intravenously injected into breast cancerbearing mice. The results showed that the functional dendrisomes were able to accumulate in the tumor tissue and were retained up to 48 h. In contrast, free DiR accumulated less in the tumor tissue, but was mainly distributed in the liver (Fig. 3f1) . The results demonstrated that the functional dendrisomes had the strongest accumulation effect in tumor tissues (Fig. 3f2) . In addition, all formulations were distributed in liver and spleen tissues, but less distributed in other organ tissues. This phenomenon can be explained by the contribution of both the suitable particle size and the modified cationic peptide d R 6 of the functional dendrisomes. Similar to solid tumor tissues, the CSC spheres in vitro also have a loose structure that allows the entrance of nanosized particles. Furthermore, the negatively charged CSC spheres are readily able to attract cationic particles.
Transcriptome profiling reveals the functional molecules and bioprocesses involved in the differentiation of breast CSCs
To profile the signal molecules, transcription factors, surface markers, and bioprocesses after treatment with functional dendrisomes carrying ATRA, a transcriptome The data are presented as mean ± standard deviation (n = 3) The results showed that the functional dendrisomes carrying ATRA resulted in significant expression changes of 1578 genes (MCF-7 DMCs vs. MCF-7 CSCs, fold change >2). Furthermore, the results revealed that the CSCs were differentiated into DMCs, involving the upregulation of signal molecules (RARα, CALM3, CDKN1A, CDK7, NDC1, BMP2, etc.; Fig. 4a ), transcription factors (POU5F1, OLIG3, TWIST 2, SNAIL1, etc.; Fig. 4b) , and surface markers (FoxO3, etc.; Fig. 4c ). However, differentiation also led to the downregulation of signal molecules (CDK2, CCNE, CTCFL, ID3, MAT1A, etc.), transcription factors (SOX15, SOX-6, POU2F1, KLF5, NANOG, etc.), and surface markers (CD44, CXCR4, NES, ALDH4A1, ALDH1L2, etc.). In addition, a variety of biological processes were involved in the differentiation of CSCs ( Fig. 4d; Supplementary Table S1 ), in which the cell cycle was significantly involved.
Phenotype analysis demonstrates the differentiation of breast CSCs in vitro and in cancer-bearing mice
To further demonstrate the differentiation of breast CSCs after treatment with functional dendrisomes carrying ATRA, stem cell markers, including CD44 and CD24 ( Fig. 5a1; Supplementary Fig S12A, B) , CXCR4 (Fig.  5a2), ABCG2 (Fig. 5a3) , and EpCAM (Fig. 5a4) , were measured in the CSCs in vitro and in the breast cancerbearing mice. CD44 + CD24 − has been used as a marker of breast CSCs to indicate poor prognosis in breast cancer patients 32, 33 . In addition, ABC transporter G2 (ABCG2), chemokine receptor type 4 (CXCR4), and epithelial cell adhesion molecule (EpCAM) are regarded as markers of CSCs because they are often highly expressed in breast CSCs [34] [35] [36] . The results showed that the CSCs (MCF-7 CSCs and SK-BR-3 CSCs) exhibited high expression of stemness markers (CD44
+ , and EpCAM + ) compared with the breast cancer cells (MCF-7 and SK-BR-3). After treating the CSCs, the stemness markers were evidently decreased, demonstrating that the breast cancer stem cells were differentiated into mature cancer cells in vitro.
The expression levels of stemness markers in tumor tissues treated by functional dendrisomes carrying ATRA were significantly decreased compared with those treated by physiological saline (CD44 + CD24 − , 6.43 ± 0.61% vs. 30.67 ± 4.18%, Fig. 5b1; CXCR4 + , 74.68 ± 0.83% vs. 92.72 ± 0.35%, Fig. 5b2) . Furthermore, functional dendrisomes carrying ATRA produced a superior differentiation effect compared with that produced by regular dendrisomes carrying ATRA (CD44 + CD24 − , 6.43 ± 0.61% vs. 11.59 ± 1.76%, Fig. 5b1; CXCR4 + , 74.68 ± 0.83% vs. 87.64 ± 0.85%, Fig. 5b2) . The results further demonstrated that the functional dendrisomes carrying ATRA were able to induce the differentiation of CSCs into mature cancer cells in vivo.
Functional dendrisomes carrying ATRA induce the differentiation of breast CSCs by cell-cycle arrest through the retinoic acid signaling pathway
To confirm the bioprocess of differentiation, a cell-cycle arrest assay was performed on the breast cancer cells (MCF-7), CSCs (MCF-7 CSCs), and DMCs (MCF-7 DMCs) by flow cytometry (Fig. 6a) . The results showed that the functional dendrisomes carrying ATRA resulted in a remarkable cell-cycle arrest of CSCs at the G0/G1 phase (CSCs 53.19 ± 0.99% vs. DMCs 80.97 ± 0.60%), demonstrating that cell-cycle arrest was involved in differentiation.
To reveal the mechanism, mRNA and protein markers involved in the retinoic acid signaling pathway were measured on breast cancer cells (MCF-7 and SK-BR-3), CSCs (MCF-7 CSCs and SK-BR-3 CSCs), and DMCs (MCF-7 DMCs and SK-BR-3 DMCs) using real-time qRT-PCR (primer sequences, Supplementary Table S2) and western blotting analysis, respectively. The results from qRT-PCR showed that the functional dendrisomes carrying ATRA significantly upregulated the mRNA expression of RARα and p21 and downregulated the mRNA expression of CDK2 and cyclin E in DMCs compared with that in CSCs (Fig. 6b) . Similarly, the results from western blotting showed that the functional dendrisomes carrying ATRA significantly upregulated the protein expression of RaRα and p21 and downregulated the protein expression of CDK2 and Cyclin E in DMCs compared with that in CSCs (Fig. 6c) .
The signaling pathway of differentiation can be explained by a cascade of reactions: (i) the released ATRA specifically binds with CRABP, which transports ATRA across the nucleus membrane; (ii) ATRA binds specifically with the retinoic acid receptor α (RARα) in the nucleus, and RARα further binds with the retinoid X receptors (RXRs) to form heterodimers; 37 and (iii) the heterodimers bind with the retinoic acid response elements (RAREs) to regulate specific genes 38 . Accordingly, the reactions upregulate the cell-cycle protein p21, which further downregulates the cyclin-dependent kinase complex (cyclin E/CDK2 complex), leading to cell-cycle arrest at G0/G1 39, 40 . Therefore, the results demonstrate that the functional dendrisomes carrying ATRA induce the differentiation of breast CSCs by cell cycle arrest via activating the retinoic acid signaling pathway. Functional dendrisomes carrying ATRA enhance anticancer effects in breast CSCs and in breast cancer-bearing mice Well-differentiated cancer cells are often more sensitive to chemotherapy. To confirm the differentiation therapy effect in our study, a cytotoxicity assay was performed on breast cancer stem cells (MCF-7 CSCs and SK-BR-3 CSCs, Fig. 7a1 ). The results showed that DTX alone exhibited a negligible effect at 1 nM and a restricted killing effect at 10 nM (30%). After co-treatment with ATRA (1-20 μM), the killing effect of DTX was evidently increased, showing an ATRA concentration dependence. To apply dendrisome formulations, co-treatment of ATRA with DTX showed a similar trend (MCF-7 CSCs and SK-BR-3 CSCs, Fig. 7a2) . Furthermore, the functional dendrisomes carrying ATRA (a fixed concentration of 10 μM) and DTX (0.5-100 nM) demonstrated a stronger killing effect on the CSCs than did the control, indicating that the functional dendrisomes carrying ATRA significantly enhanced the anticancer efficacy of DTX in the CSCs in vitro.
Furthermore, an apoptosis assay was performed on the breast cancer stem cells (MCF-7 CSCs, Fig. 7b1 ; SK-BR-3 CSCs, Fig. 7b2) . The results showed that the co-treatment of ATRA with DTX significantly enhanced the apoptosis of the CSCs. In addition, functional dendrisomes carrying ATRA and DTX significantly enhanced apoptosis of the CSCs in vitro, thereby contributing to the overall killing effect in the CSCs.
To simulate the killing effect in vivo, functional dendrisomes carrying ATRA and DTX were applied to breast CSC spheres in vitro (MCF-7 CSCs and SK-BR-3 CSC spheres, Fig. 7c) . The results showed that the functional dendrisomes carrying ATRA and DTX were able to damage the CSC spheres, destroy the structure, and kill the cells, indicating a stronge damage effect compared with that of the control.
As an overall function verification, the efficacy of differentiation therapy was confirmed in breast cancerbearing mice. The results from the breast cancer-bearing nude mice demonstrated that the intravenous administration (free ATRA plus free DTX; functional dendrisomes carrying ATRA; functional dendrisomes carrying DTX; and functional dendrisomes carrying ATRA and DTX) significantly inhibited the tumor volumes (Fig. 7d) . Functional dendrisomes carrying ATRA and DTX exhibited the strongest inhibitory effect. Accordingly, the relative tumor weights at day 22 since the cancer inoculation were 92.59 ± 4.44%, 62.89 ± 7.56%, 63.84 ± 8.71%, 48.12 ± 6.59% and 35.06 ± 5.69%, respectively (Supplementary Fig. S13 ). The results demonstrated that the functional dendrisomes carrying ATRA and DTX were the most efficacious in inhibiting tumor growth in cancerbearing mice.
In addition, the in vivo apoptosis after each treatment was evaluated on the isolated tumor tissues with the terminal deoxynucleotidyl transferase dUTP nick endlabeling (TUNEL) assay under a confocal laser-scanning fluorescence microscope (Fig. 7e) . After intravenous administration (physiological saline; free ATRA plus free DTX; dendrisomes carrying ATRA and DTX; and functional dendrisomes carrying ATRA and DTX), the apoptotic rates in the tumor tissues were 1.04%, 5.06%, 9.61%, and 14.95%, respectively. The results demonstrated that the functional dendrisomes carrying ATRA and DTX resulted in the strongest apoptosis in the cancerbearing mice.
The cytotoxicity study demonstrated that the functional dendrisomes carrying ATRA and DTX were the most efficacious in killing both cancer cells and CSCs, thus depicting the effect of differentiation therapy in vitro. This treatment resulted in very significant apoptosis in the CSCs and a remarkable destructive effect on the CSC spheres in vitro, demonstrating that the differentiation therapy significantly enhanced the killing effect in breast CSCs. The enhanced effect was mainly due to the delivery capability and long-circulation effect of functional dendrisomes. Therefore, ATRA and DTX were efficiently delivered to the tumor site, penetrated into the tumor tissue, and were internalized by both cancer cells and CSCs.
Functional dendrisomes are a safe drug carrier in vitro and in breast cancer-bearing mice
To address the safety concern, as a preliminary safety evaluation, the cytotoxicity of the basic dendrimer material (AD) of the functional dendrisomes was performed on To evaluate in vivo safety, body weight measurements, routine blood analysis, and histology analysis were performed on breast cancer-bearing mice. The results showed that all treatments did not markedly influence the body weight of the mice (Supplementary Fig. S14B ). Moreover, routine blood analysis showed that treatment with free ATRA plus free DTX caused the rise in white blood cells and plateletcrit and that treatment with The changes in phenotype markers of CD44 (b1) and CXCR4 (b2) in the cancer-bearing mice after the treatment. The cancer-bearing nude mice were established by xenografted with MCF-7 CSCs cells, randomly divided into three groups (each three mice), and intravenously administrated with physiological saline (blank control), dendrisomes carrying ATRA (regular control), and functional dendrisomes carrying ATRA via tail vein. The dose of ATRA was 1 mg/kg. 1, saline; 2, dendrisomes carrying ATRA; 3, functional dendrisomes carrying ATRA. The data are presented as mean ± standard deviation (n = 3). **P < 0.01. The results demonstrate that the functional dendrisomes carrying ATRA result in the most significant decrease in stemness markers (CD44+CD24−, CXCR4+) as compared with the control Fig. 6 Functional dendrisomes carrying ATRA induce the differentiation of CSCs by cell-cycle arrest through activating retinoic acid (RA) signaling pathway. a Cell-cycle arrest after treatment. The results from flow-cytometry demonstrate that the functional dendrisomes carrying ATRA lead to 88.01% cell-cycle arrest in the G0/G1 phase, indicating a significant cell-cycle arrest in DMCs as compared with untreated cancer cells (MCF-7 cells) or cancer stem cells (MCF-7 CSCs). DMCs represents the differentiated mature cells. b mRNA expressions involved in the retinoic acid (RA) signaling pathway after the treatment. The study was performed on breast cancer cells (MCF-7, SK-BR-3), breast cancer stem cells (MCF-7 CSCs, SK-BR-3 CSCs), and differentiated mature cells (MCF-7 DMCs, SK-BR-3 DMCs). b1 human breast cancer MCF-7 cells, b2 human breast cancer SK-BR-3 cells. The data are presented as mean ± standard deviation (n = 3). NS not significant; *P < 0.05; **P < 0.01. The results from qRT-PCR exhibit that the functional dendrisomes carrying ATRA significantly upregulate mRNA expressions of RARα and p21, while downregulate mRNA expressions of CDK2 and Cyclin E in DMCs as compared with those in CSCs, respectively. c Protein markers involved in the RA signaling pathway after the treatment. The results from western blotting exhibit that the functional dendrisomes carrying ATRA significantly upregulate protein expressions of RaRα and p21, while downregulate protein expressions of CDK2 and Cyclin E in DMCs as compared with those in CSCs, respectively functional dendrisomes carrying DTX caused a rise in plateletcrit and a decrease in lymphocytes. However, the treatment with functional dendrisomes carrying ATRA and DTX did not alter all blood indicators (Supplementary Table S3 ). In addition, the results from the pathology analysis demonstrated that only treatment with free ATRA and free DTX caused obvious damage to lung tissue. The results from the organ analysis demonstrated that the treatment with all dendrisome formulations did not affect the major organs (Supplementary Fig. S14C ). The in vivo study confirmed that the functional dendrisomes carrying ATRA and DTX did not significantly affect the blood indicators, body weight, or major organs of the cancer-bearing mice. In contrast, the toxicity in blood indicators was mainly caused by administration of the free drug formulation (free ATRA plus free DTX).
Conclusions
In conclusion, we report a new type of functional dendrisome constructed by synthesizing an amphiphilic dendrimer, which enhances the cellular uptake of CSCs, differentiates CSCs by carrying ATRA, and enhances anticancer efficacy by carrying ATRA and DTX. Our data reveal the cellular uptake mechanism of functional dendrisomes by breast CSCs and uncover the differentiation mechanism and the relevant signal molecules, transcription factors, and the cell cycle-associated signaling pathway. This study offers a novel solution to the elimination of breast CSCs using differentiation therapy and has significant clinical implications.
